Prevalence of skin sores and scabies in remote Australian Aboriginal communities remains unacceptably high, with Group A Streptococcus (GAS) the dominant pathogen. We aim to better understand the drivers of GAS transmission using mathematical models. To estimate the force of infection, we quantified the age of first skin sores and scabies infection by pooling historical data from three studies conducted across five remote Aboriginal communities for children born between 2001 and 2005. We estimated the age of the first infection using the Kaplan-Meier estimator; parametric exponential mixture model; and Cox proportional hazards. For skin sores, the mean age of the first infection was approximately 10 months and the median was 7 months, with some heterogeneity in median observed by the community. For scabies, the mean age of the first infection was approximately 9 months and the median was 8 months, with significant heterogeneity by the community and an enhanced risk for children born between October and December. The young age of the first infection with skin sores and scabies reflects the high disease burden in these communities.
Introduction
Infections with scabies and Group A Streptococcus (GAS) remain highly endemic among Australian Aboriginal and Torres Strait Islander peoples (hereafter referred to as Aboriginal Australians), particularly those living in remote communities. This high disease burden remains despite improvements in other indicators of the health of Aboriginal Australian populations over recent years and demonstrated short-term effectiveness of treatment interventions in trials and focused programmes [1] [2] [3] [4] [5] [6] .
Observational studies in remote Northern Territory communities have reported skin sore prevalence as high as 45% [7, 8] , one of the highest recorded globally. Age-specific prevalence of skin sores among children of up to 14 years of age is high, but remarkably consistent across the age groups studied [2] . Skin sores in these settings are primarily caused by GAS, with Staphylococcus aureus as a common secondary pathogen and are frequently associated with scabies [9, 10] . GAS infections have the potential to become invasive and can lead to serious post-infectious sequelae of glomerulonephritis and rheumatic heart disease, that contribute substantially to the observed health disparity between Aboriginal and non-Aboriginal Australians [11] .
Although individual studies have reported that presentation to Aboriginal community health centres with skin sores and scabies is common in the first year of life [9, 10, 12] , the age of the first infection has not been quantified across multiple studies. Estimation of the mean age of infection, in particular, allows direct calculation of the force of infection, the primary driver of endemic and epidemic dynamics in mathematical models of infectious disease [13] .
This study aims to calculate the mean and median age of the first infection for both skin sores and scabies, using combined data from overlapping observational studies conducted in remote Northern Territory communities [9, 10, 12] . The potential influences of the community of residence, gender, seasonal and temporal factors are explored.
Methods

Study populations
Data were originally collected as part of the East Arnhem Healthy Skin Project (EAHSP), which took place between 2004 and 2007, by the Menzies School of Health Research, in partnership with five remote communities. Active surveillance of skin infections was conducted over the 3-year period, with an aim to reduce the prevalence of skin infections including scabies and skin sores. This active surveillance included an annual 'healthy skin day', which provided mass community treatment for scabies and referral to the public health clinic for further treatment if required. For infants and young children whose carers provided consent, all primary health care visits from birth up to 4.75 years of age for children born January 2001-December 2005 were retrospectively audited [2] .
Analysis of three separate but overlapping cohorts has been published previously (Table 1) [9, 10, 12] . The three studies were merged into a single dataset, duplicate entries were removed and children actively recruited between 2004 and 2005 included. This synthesis resulted in a total of 365 unique children. For each child, the earliest recorded date of infection for skin sores and scabies was identified. For children not experiencing infection, the date of the last primary health care presentation in the pooled dataset was used as the censoring date.
Ethics approval for reuse of existing data was obtained from The Human Research Ethics Committee of the Northern Territory Department of Health and Community Services and Menzies School of Health Research (Ethics approval number 2015-2516). Permission was also obtained from the custodians of each dataset. This project has been conducted in association with an Indigenous Reference Group, as well as an ongoing stakeholder group which contains Aboriginal Australian community members.
Analysis methods
We utilised three separate models to explore aspects of the population-level age of the first infection: Kaplan-Meier estimator, a parametric exponential mixture model and a Cox proportional hazards model. The Kaplan-Meier estimator provides a baseline estimate of the burden of disease by reporting the overall proportion of the population infected by the end of the follow-up period. The parametric exponential mixture model,
provides an estimate of mean age of the first infection (1/λ) which cannot be calculated using the Kaplan-Meier estimator. This form of survival function allows a proportion of individuals (1-α) to experience a constant hazard (λ) and the remainder (α) to experience zero risk (i.e. remain uninfected) over their lifetime [14] . The median age of the first infection, A m , can be extracted from the parametric model using the formula,
Note that if α = 0, this expression is equivalent to the median of a standard exponential distribution.
The Cox proportional hazards model was fit, using the Kaplan-Meier estimator as the baseline hazard, to determine the impact of any covariates, such as differences between gender, community, birth season, birth year or birth quarter on the median age of the first infection. Healthy Skin Days were held in these communities in September 2005 and 2006, with the Healthy Skin Day covariate referring to whether an individual's date of birth was prior to their implementation. The Cox model produces a hazard ratio (HR) for each covariate. A HR greater than 1 implies the covariate is associated with increased infection pressure, resulting in a shorter time to the first infection.
Both the Kaplan-Meier estimator and the Cox proportional hazards model were computed using R v3.3.3 and the package 'survival' v2.40.1. Parameter estimates for the parametric model were obtained using maximum likelihood estimation, within the 'expsurv' package which was developed alongside this work and released at https://github.com/MikeLydeamore/exponentialsurvival. For each model, the median age of the first infection was calculated, as well as the confidence interval. For the parametric model, these confidence intervals were obtained using bootstrapping with 200 replications.
Results
Study population
There were 365 children included in the dataset with slightly more males than females (Table 2) . Individual followup time differed based on the study protocol under which they were recruited ( Table 1 ). The median number of primary health care presentations for a child was 19 (interquartile range (IQR) [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] times in the first year of life and 15 in the second year of life.
Primary health care presentations
Skin sores were recorded at least once for 307 (84%) of the 365 children and scabies for 260 (71%) children. Of these, 251 (69%) child health records reported at least one episode of scabies and at least one episode of skin sores. The most frequent age of the first infection for skin sores and scabies was similar at 3-4 months with no new first infections reported after the age of 32 months ( Fig. 1) . Table 1 . Period, size and duration of the three separate studies which were pooled to form the combined dataset. The three studies conducted retrospective clinic audits across five remote communities (here coded as A, B, C, D and E to protect community privacy), extracting information for the period of 
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The curves showing best model fit from the Kaplan-Meier estimates of the survival curve, the parametric model and the Cox model by the community, reveal similarities in the age of acquisition of skin sores across all communities, but demonstrated differences in the age of acquisition of scabies (Figs 2 and 3 ).
Skin sores
The parametric model identified the mean age of the first infection with skin sores as 10.2 months (95%CI 9.4-11.8), with a median seven months (95%CI 6.9-9.5). These values were remarkably consistent across all communities with widely overlapping confidence intervals and almost no children remained uninfected in the first 60 months of life (Tables 3 and Fig. 4) .
Despite overlapping confidence intervals, the Cox model identified community of residence as having a marginally significant influence on the median age of the first skin sore presentation for children in community D (HR 1.59, CI (1.01, 2.48), P = 0.043 giving median age of the first infection of 5.68 months (reduction by 2.3 months)) ( Table 4) . A clear increase in infection hazard was observed for children born between October and December (HR 1.50, CI (1.10, 2.04), P = 0.010 giving the median age of the first infection of 5.5 months (reduction by 1.9 months)) ( Table 4 ). This association was present both before and after the healthy skin programme (September 2004 and 2005), demonstrating that the observed birth quarter effect was not due to the intervention (data not shown).
Scabies
For scabies, the parametric model's estimate of the mean age of first infection was 8.6 months (95% CI 7.8-9.6) and the median 7.6 months (95% CI 7.1-9.0). Differences in the mean and median ages of first scabies infection were observed by a community of residence, with means ranging from 7.0 to 14.5 months and medians between 6.2 and 10.1 months, with non-overlapping confidence intervals (Fig. 5) . It was estimated that more than 20% of children remained uninfected in some communities and none in others (Table 5) .
Community was the only influential covariate in the Cox model, with scabies infections occurring at a significantly younger age among children living in community D (HR 1.74, 95%CI (1.09, 2.79), P = 0.021 giving median age of the first infection of 4.86 months (reduction by 3.8 months)) ( Table 6 ). The overall incidence of scabies was markedly higher in this community than all others (Fig. 3) .
Discussion
We have estimated the age of the first infection for both skin sores and scabies among children from five remote communities in the Northern Territory, to inform the development of transmission models of GAS and scabies [15] . Differences in the mean and median age of first scabies infection were observed across communities, revealing heterogeneity in the force of infection. Despite this fact, remarkable consistency for the mean age of skin sore infection was observed, with a lower median observed in the one community with heightened scabies risk relative to the others. Anecdotally, this heightened risk may have been associated with a case of crusted scabies in that community.
Comparison of the median age of the first infection in this study with earlier estimates obtained from single cohorts demonstrates the importance of including all available population data, including uninfected individuals and the value of pooling estimates from related studies conducted over different timeframes. Previous analyses of a subset of the data contained here -in which individuals were followed for 12 months -reported the median age of the first infection as 5 months for skin sores and 4 months for scabies [9] . Our analyses provide consistent values utilising a similar subset of data; however, by including longer duration of follow up and censoring, we have estimated a notably later age of the first infection. Using a series of statistical approaches, we have also been able to explore community-level differences in age of the first infection. Reuse of these high-value datasets represents a highly desirable research efficiency.
Although the data on which these findings are based were collected more than a decade ago, the clinical picture of GAS and scabies remains relatively unchanged, despite the short-term demonstration of intervention effectiveness. While recent reports do indicate some improvements in the general health of Aboriginal populations living remotely [1, 16] , contemporary prevalence estimates of skin sores and scabies demonstrate an unacceptably high ongoing disease burden [7, 8, 16] .
No significant difference by season of birth (wet, dry) in the age of first infection with either skin sores or scabies was observed Table 3 . Presentations with skin sores, by a community of residence (here coded as A, B, C, D and E to protect community privacy). The proportion of children remaining uninfected by the end of the study period is reported, together with the age of first skin sore clinic presentation. Ages are reported as means and medians in months, with 95% confidence intervals calculated using the parametric model.
Community
Uninfected proportion 
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in this study. This aligns with the analysis of previous prevalencebased studies in our study populations [2] and suggests that the force of infection in the wet and dry season is relatively similar [13] . It is worth noting that historical studies in more temperate climates such as the USA have reported a higher prevalence of GAS in the summer season [17] [18] [19] [20] , which would indicate an increased force of infection, or conversely a lower force of infection in cooler months when skin is covered [20, 21] . Previous observations of an impact of low humidity on the risk of some skin conditions [22] may explain our finding of increased skin sore (but not scabies) hazard for children born between October and December, as the average age of the first infection for children born in this period is between March and June, which is generally a period of lower humidity. This finding warrants additional investigation to see whether it is reproduced in similar clinic-based cohort studies. Similar to scabies, tinea and fungal infections also create a break in the skin, which may facilitate skin sore infection. There were insufficient data in this study to explore such an association. The ability to aggregate multiple datasets with different durations of follow up was a key strength of our study. The assembled cohorts represented approximately 20% of all births in the study communities over the period [9] . This analysis also accounted for the right-censored nature of the data, allowing individuals who did not become infected during the observation interval to still inform the age of the first infection in the estimation procedure, a critical step in accurately estimating the age of the first infection [23] . This approach enabled maximal information gains from valuable historical data resources, using a series of complementary analytic techniques.
We acknowledge the challenges involved with the retrospective review of medical records data, particularly where information on clinical presentations was missing and by inference assumed to represent the absence of disease. It is noteworthy, however, that this study drew on information around a period of a mass community intervention that is likely to have improved both presenteeism and reporting for skin disease. In addition, the general consistency of skin sore findings across communities reported here and in a companion manuscript (Cuningham et al., manuscript under review) provided reassurance that ascertainment was not biased by the clinic of attendance. As the involved PHC services were community-based and governed, access to culturally appropriate care was assumed.
The use of primary health care presentation data can underestimate the age of the first infection and infection burden. The high endemic prevalence of scabies and skin sores has resulted in 'normalisation' of skin infections [2, 24] , leading potentially to a delay in the child presenting to the primary health care service with either skin sores or scabies. If true, this phenomenon would make the true age of the first infection earlier than our estimate, leading us to underestimate the force of infection.
The estimated early mean age of the first infection adds to existing knowledge of the high burden and intensity of transmission of skin pathogens in remote Aboriginal communities in Northern Australia [25] . Further, the influence of community on the force of infection is important to explore in greater depth when planning interventions, which may need to be tailored to the particular drivers in each community. Of particular concern in the Northern Territory are crusted scabies infections that have been identified previously as core transmitters in communities with high scabies prevalence [16, 26] . With new treatments for scabies such as ivermectin and potentially moxidectin Table 5 . Presentations with scabies, by a community of residence (here coded as A, B, C, D and E to protect community privacy). The proportion of children remaining uninfected by the end of the study period is reported, together with the age of first scabies clinic presentation. Ages are reported as means and medians in months, with 95% confidence intervals calculated using the parametric model
Community
Uninfected proportion becoming the standard [2, 16, 27] , recent efforts in controlling disease in these communities are beginning to show some success [1, 11] , although strategies for sustained control have remained elusive, likely due to extreme (and heterogeneous) infection pressure [26] [27] [28] . Our estimate of the age of the first infection will directly inform quantification of the force of infection in a series of transmission models being developed as part of a larger project to identify intervention strategies for sustained impact against skin disease. These models will incorporate emerging information on the social determinants of transmission intensity. They will provide a useful conceptual framework for the participatory development of innovative disease control measures with affected communities, to reduce the burden of skin disease and health inequalities associated with its sequelae. 
